Scanning electrochemical microscopy (SECM) is a powerful and versatile technique for visualizing the local electrochemical activity of a surface as an ultramicroelectrode tip is moved towards or over a sample of interest using precise positioning systems. In comparison with other scanning probe techniques, SECM not only enables topographical surface mapping but also gathers chemical information with high spatial resolution. Considerable progress has been made in the analysis of biological samples, including living cells and immobilized biomacromolecules such as enzymes, antibodies and DNA fragments. Moreover, combinations of SECM with complementary analytical tools broadened its applicability and facilitated multi-functional analysis with extended life science capabilities. The aim of this review is to present a brief topical overview on recent applications of biological SECM, with particular emphasis on important technical improvements of this surface imaging technique, recommended applications and future trends.
Introduction
The analytical operation of miniaturized voltammetric sensors above, at, and inside cultured or isolated living cells, living cell clusters and macro-or microstructures of immobilized bio-(macro-)molecules for sensitive local determination of biological activity is a unique strategy across disciplines. The aim is to inspect, on a fundamental level, physiological, pathological and molecular life science phenomena with high spatial and temporal resolution. The output of the bioanalysis using micro-and nanoelectrode voltammetry is data and knowledge generation in support of advancements in modern personal healthcare, drug development and nutrition, all issues that are more than ever before acute for an increasingly ageing global society. Examples of foundational explorations of the tailored bioelectroanalytical methodology are the 1969 analyses of oxygen profiles in and above microbial slime [1] and the 1973 initiation of voltammetry in brain tissue [2] with the sensitive tips made of metal and carbon, respectively. The two decades later, the move to, for instance, electrochemical detection of distinct biological processes of chemical neurotransmission at the level of single living cells and single-vesicle exocytosis [3, 4] was the logical result of the accomplishment of continuous sensor and apparatus improvements. This was driven by the scientific desire and methodical necessity to extend investigations into the function of biological entities to actions within or at the smallest complete building blocks of living organisms. Selection of target cells and sensor tip positioning at or in close proximity to their membranes were initially performed in conventional electrophysiology set-ups with inverted microscopes employed for cell visualization and manually operated three-dimensional micropositioning devices used for voltammetric sensor and/or culture plate movement. However, at approximately the same time as the progression of single cell voltammetry, the invention of scanning electrochemical microscopy (SECM) occurred and the novel scanning probe system became rather quickly a favoured complementary analytical platform for the inspection and visualization of cellular activities. In a scanning electrochemical microscope, a scanning electrochemical probe (SECM tip) is a sensitive collector of redox species as the basis of a faradaic current signal that depends on both the distance to the sample and the absence or presence of sample surface redox activity. Careful computer-controlled movement across a sample of interest and acquisition of localized SECM tip currents is performed as a function of lateral (x, y) tip positions. In the optimal case, the collected data can be used to generate an interpretable real-time replication of sample topography and/or a genuine image of spatially resolved concentration profiles of redox active species in close vicinity to the evaluated sample and with a lateral resolution that is governed roughly by the tip dimension. A few tens of review articles are at present available on the broad topic 'SECM' and they are together a good primary source of information about the theory and practice of SECM experimentation, the technical accomplishments that helped advance SECM instrumentation and, last but not least, the many special applications in the fields of materials, energy, natural and life sciences. With special focus on biological applications of SECM several reviews are recommended .
Not considering mergers with other scanning microscopy techniques such as, among others, atomic force microscopy (AFM), scanning ion conductance microscopy (SICM) and near-field optical scanning microscopy (NSOM), the most frequently applied operation modes of SECM are the amperometric feedback and the generator/collector (G/C) modes, with the SECM tip moved at either constant z height or at constant tip-to-sample distance across the sample surface. Here, a summary of adaptations of the various technical SECM solutions for biological, single-cell and single-molecule studies is followed by the classifications of possible applications. A careful selection of cutting-edge articles from about the last 5 years will then be summarized with the aim of highlighting the enormous level of sophistication at which SECM works on living cells and immobilized bio-macromolecules. A discussion of the promising potentials of state-of-theart 'biological' SECM-based detection and imaging and recommendations for near-and far-term future goals of applications of scanning miniaturized electrochemical sensors on biological cells and molecular biological entities are provided as part of the concluding section. isolated from the body tissue of interest or in secondary cell cultures as passaged constituents of cell lines. Usually, cultured living cells are used for electrophysiology experiments as seeds on thin glass coverslips or the bottom of plastic Petri dishes, with or without cell adhesionenhancing surface layers of, for instance, poly-L-lysine. For SECM work on individual cells, careful maintenance of a suitable density of the cell population is important just to have enough healthy but distant choices. Figure 1 is a graphical illustration of the principles of SECM studies on single living cells. Selections of SECM tips for the voltammetric detection of biological cell activity include bare or chemically modified micro-or nanometre diameter disc-shaped noble metal or carbon electrodes. Independent of their size, scanning SECM tips should traverse gently over the cell to be screened and with appropriate precautions. The required contactless movement in the x/y plane is possible in computer-controlled constant-height or constant-distance modes.
A typical 'bio-SECM' is mounted on the base plate of an inverted microscope with reasonable magnification to aid the visual assessment of cell quality before approach and to facilitate coarse alignment between a healthy cell of choice and the SECM tip prior to operation.
(a) Constant-height mode cellular scanning electrochemical microscopy This is the simplest procedural approach for SECM-based cell visualization and the execution of SECM assessments of cellular activity. The related workstations are fairly cheap and technically undemanding. Inexpensiveness together with the ease of device assembly makes constant-height SECM set-ups a decent entrance tool for newcomers to the field of cellular electrochemical probe microscopy. In a conventional constant-height mode of SECM the control of the vertical tip position over a cell and/or a cell-coated coverslip/Petri dish surface is the result of the amperometric recording of SECM tip currents, i t , as a function of the distance to the cell-keeping solid plane, (z). In bulk electrolyte, the diffusion-limited electrochemical faradaic probe response (e.g. a dissolved oxygen reduction current) is obviously unobstructed, while close to a cell or in the vicinity of glass/plastic mass transport is hindered because of the manifestation of a gap. i t is measurably suppressed due to the occurrence of the 'negative amperometric feedback'. Information from microdisc electrode approach curves (i t versus z) in positions adjacent to a selected cell together with estimates of cell heights and meaningful tip retractions are the means for adjustments of tip-to-cell distances at which the soft biological objects can be safely scanned without physical contact. Horizontal scans at the 'working distance' with simultaneous SECM tip current acquisition provide coarse images of cell topography which may guide placement of the tip at a detection position right above the cell membrane for subsequent stationary G/C type detection of (stimulated) release or uptake activity. Device and assay simplicity and speed of completion of full cell scans are the strengths of SECM in the constant-height mode for cell applications. The drawbacks are evident from figure 1. Cells are of irregular three-dimensional (3D) shape with ups and downs on the micrometre scale and a gradual flattening to their grounded side. Current sampling throughout constant-height activity scans thus will suffer from the impact of tip-to-cell distance variations. The micrometre-diameter active electrode discs of standard tips for constant-height SECM on cells are, on the other hand, not much smaller in diameter than the cross-sections of typical target cells and, though they are comparatively easy to fabricate and use, their spatial resolution is limited ( figure 1a ). Nevertheless, with clever experimental design, execution of considerate controls and careful data analysis and interpretation the constant-height SECM mode on cells is capable of revealing meaningful initial insight into the redox chemistry around metabolizing cells of various sorts. Apart from advancing the understanding of cellular physiology and pathology processes this mode may also provide methodical guidance for users of the more complex constant-distance mode. Some representative early examples of cases of successfully adapted and executed constant-height cellular SECM are the detection of redox activities of non-metastatic and metastatic human breast cells [26] , heavy metal-induced plant stress visualization [27] , recording the glucose uptake of individual fibroblasts and lactate production by single cancer cells by means of selective amperometric glucose or lactate micro-biosensors [28] , imaging of epidermal growth factor receptors on Chinese hamster ovary and human epidermoid carcinoma A431 cell lines [29] , viability assessments on human cervical cancer (HeLa) cells [30] , imaging of glycan expression of human gastric carcinoma (BGC-823) cells [31] and topography and respiration activity of rat pheochromocytoma (PC12) cells [32] .
(b) Constant-distance mode cellular scanning electrochemical microscopy SECM with nanometre-sized electrochemical sensors moving at constant distance over the membranes of selected cells (figure 1b) creates images of cell topography and offers the chance for improved resolution of cell activity at neighbouring membrane locations. Moreover, it is able to explore, for instance, the spatial heterogeneity of a cell response to external stimuli. Suitable nanodisc electrodes are obviously more difficult to fabricate and handle. A collection of recent comprehensive reviews as the source of details on nanoelectrode fabrication, their electrochemical behaviour and potential applications can be found in [33] [34] [35] [36] [37] . The operation of nanodisc electrodes on single cells requires the preservation of a nanometre tip-to-sample working distance for the entire duration of lateral tip displacement relative to the fixed biological sample. Special feedback loop-regulated tip-to-sample distance control units were developed that use the magnitude of shear force-based dampening of intentionally induced vibrations of the nano-SECM tip as the input signal. Corresponding practical bio-SECM set-ups were realized with optical [38, 39] , piezoelectric [40, 41] or tuning fork-based [42] [43] [44] readouts of tip vibration dampening. Exemplary accomplishments of shear force-supported constant-distance cellular bio-SECM prior to the actual period of this review are, for instance, the spatially resolved detection of neurotransmitter secretion from single pheochromocytoma (PC12) cells [38] , localized measurement of stimulated NO release from adherently growing endothelial cells [45] and simultaneous detection of the cellular expression activity of secreted alkaline phosphatase outside and green fluorescent protein inside of gene-transfected single HeLa cells [44] . Though, currently, shear force-based feedback is the leading methodology for constant-distance SECM work on cells, the specific positioning task has also been accomplished with alternative distancedependent signal inputs for the regulating control units. Examples include responsive circuitries using DC [46, 47] and AC [48] SECM tip currents or probe impedance [46] . Problematic for all currently available solutions for constant-distance cellular SECM is the technical complexity of the necessary apparatus, the need for high user skills for successful operation and the relatively long duration for the completion of full living cell scans. the patch-clamp single channel current assay [49] and conventional single cell carbon-fibre amperometry [50] . Nevertheless, efforts with the SECM approach are undoubtedly justified by the remarkable gain in resolution for localized cell inspection and the feasible increase in investigational opportunities.
(c) Prospective targets for cellular scanning electrochemical microscopy Living organisms, humans included, are complex functional assemblies of myriads of cells of all sorts. In a highly coordinated manner the various cell types work together as the building blocks of the nervous and endocrine systems, central organs such as the heart, lung, kidney and liver, components of the sensory systems including eye, ear, tongue and skin, and also the bones of the rigid skeletal framework of the body. Virtually any of the many different vertebrate cells could be a meaningful study object of constant-height or constant-distance bio-SECM. The target of investigations can be single cell processes such as respiration (oxygen consumption due to internal metabolism), chemical communication (release of neurotransmitters or hormones), development (division, migration, formation and branching of dendrites), apoptosis, etc. Rational methodical prerequisites are the availability of cells as healthy primary or secondary cultures and a relation of the cellular process of interest to dynamic measurable local changes in the concentrations of natively present or intentionally supplemented electrochemically active species in the cell membrane vicinity. The motivation for a focused electrochemical look at particular cell models may be interest in the details of the pathways of internal cellular metabolism, curiosity about the phenomena controlling cellular respiration or the desire to learn about the mechanisms behind the flux of nutrients, cytosolic waste and drugs across the cell membrane and the fundamentals of cellular chemical communication. Figure 2 shows a selection of organs of the human body that are relevant for neurophysiology, neuropathology, endocrinology and cancer research. Cells, usually derived from laboratory animals and not humans, can be valued models for thoughtful inspections with bio-SECM. Feasible candidates for local studies of stimulated vesicular and non-vesicular hormone and neurotransmitter release are, for instance, particular brain neurons and endocrine secretory cells from laboratory rats and mice or from the secretory glands of slaughtered farmed pigs and cattle while cultured cells of the various known cancers across the body provide the prototypes for physiological assessments of tumour cell behaviour.
In general, living cells develop distinct changes in their physical appearance and/or clear abnormalities of their physiological and biochemical functions in the course of a transformation from healthy to unhealthy or even morbid states. The normally soft and semi-permeable cellular membrane may become, for instance, stiffer and the predictable harm to chemical permeability will make membranous nutrient and metabolic waste flux in and out of the cytosol more difficult. Interdisciplinary work between electrochemists and life science researchers and strategic design of cellular SECM experiments with and without treatments by cell toxic or protective culture medium supplements is a unique chance to provide insight into the fate of healthy cells in terms of growth/proliferation and to learn about the causes that ultimately trigger cell death/apoptosis.
Scanning electrochemical microscopy-based live cell imaging: examples of accomplishments from 2012 to date
Within the specified period, publications related to SECM on single cells ranged from methodology advancements to the cautious use of adapted schemes for the study of particular cellular systems. As an improved strategy for scanned topographical and electrochemical cell inspections, for example, the so-called voltage switching mode of SECM with a carbon nanoelectrode as the scanning sensor was proposed (VSM-SECM, [51] proximity using the distance-dependent negative amperometric feedback effect. A short-range probe retraction and collection of a reference current datum point (i ref ) in the adjusted top vertical position was performed. During a slow pre-approach at nm s −1 speed the current-regulated distance control unit of the system continuously compares the stored i ref with the current recorded at the actual height and stops the downward movement upon reaching a user-defined set-point value. Here, the tip potential is changed from that required for negative feedback positioning to an anodic one for the local detection of the oxidation of redox species related to cell activity. Evidence for the ability of VSM-SECM to image cell topography with good quality was a set of detailed SECM micrographs of boar sperm cells, differentiated PC12 cells, cardiac myocytes, hair cells, hippocampal neurons and individual members of the human cell line A431, which is cultured from epidermoid carcinomas. For the last sample, the successful electrochemical visualization of the occurrence of membranous epidermal growth factor (EGFR) on the outer cell surface was also possible (figure 3). The target membrane protein was deliberately labelled with an alkaline phosphatase-tagged antibody and inspected via VSM-SECM in solutions containing p-aminophenol phosphate (PAPP) as the substrate and at nanoelectrode detection potentials suitably anodic for oxidation of the enzymatically produced p-aminophenol (PAP). The uneven distribution of EGRF on A431 lipid membranes and the absence of a link with microvilli and lamellipodia sites could be visualized, demonstrating well the potential of the approach for the creation of nanoscale maps of cellular surface features.
Nebel et al. on the other hand, reported in two correlated publications the four-dimensional shear force-based constant-distance redox competition mode of SECM (4D-SF/CD-RC-SECM) as advanced routine for measurements of single cell topography and localized respiration [52] . The technique is, in fact, a sophisticated combination of the previously established 4D-SF/CD [53] and RC-SECM [54] variants, with the positioning and measuring procedures optimized for the rejection of experimental artefacts that otherwise originate from the competition between the oxygen-detecting SECM tip and the neighbouring breathing cell for the same redox species, namely dissolved molecular oxygen. The task of the '4D-SF/CD' utility of 4D-SF/CD-RC-SECM is to initiate at individual x,y sample grid points a slow downward tip movement until the appearance of a hydrodynamic shear force between the SECM tip and the sample surface, invoking the discontinuation of the z approach. This closest tip-to-sample distance is the starting point for a series of stepwise tip retractions and pairs of tip current (i) and positions are collected for x, y, i plots in increasing but constant z increments. The fourth dimension of 4D-SF/CD is, therefore, the vertical position of a particular current map above the reference level corresponding to the closest approach with shear force contact. The actual sample topography is, of course, an x,y-display of the z-coordinates corresponding to the localizations of shear force induction. The 'RC' function of 4D-SF/CD-RC-SECM was designed to collect current data not continuously as in the constant potential amperometric mode, but instead via short potential pulses. This strategy in combination with a relatively low negative potential applied for O 2 detection at the Pt tip allowed the impact of probe-induced analyte conversion to be minimized in the tiny volume between the sensing electrode and the cellular membrane. This demonstrated that the position of the microelectrode actively influences the measurements that are performed [52] . A fine-tuning of the parameters for the pulsed SECM tip detection potential and optimization of the duration of data acquisition after applying the oxygen-consuming potential steps and the working distance for the scanning probe operation actually delivered convincing duplets of SECM images of cell topography and cellular breathing activity for human embryonic kidney (HEK 293) cells as a model system (figure 4). The strength of the protocol for 4D-SF/CD-RC-SECM is the merger of distance-dependent activity profiling (slicing) with oxygen monitoring that is minimally invasive to cellular oxygen consumption and thus well adapted for true capture of the process of cell respiration. Not all reports with contributions to methodical advancements of bio-SECM can be listed here in full detail. The time-lapse mode has been reported as a tool with applications for live cell movement and morphology change tracking [55] and the imaging of the periodical evolution of reactive oxygen species in living cells [56] . It is worth mentioning that a hybrid SECM/SICM system with an ionic current-based feedback distance regulation was established with tailored dual-functional nanopipette/nanoring electrode tips for combined topographical and activity cell imaging in 2010, and the evaluation of permeation properties of the membranes of rat cardiac myocytes as was a pioneering application as a biological model [57] . A more recent technical adaptation of hyphenated SECM/SICM was optimized for 3D electrochemical and ion current imaging, which facilitated the visualization of local variations in cell membrane ion permeability and supported the creation of 3D profiles of ion concentration around cells, for single fixed adipocyte cells as the model system [58] . Quantitative recognition of molecular membrane transfer activity of living cells was realized via self-referencing SECM/SICM with specially adapted multi-functional dualchannel scanning nanopipettes [59] . A merger of AFM and SECM obtained by nanoelectrode integration into AFM cantilever tips had a similar early appearance, and proof-of-principle experiments demonstrated the feasibility of the technique for, for instance, energy conversion activity of single algae cells and chloroplasts [60] . The obvious potential of SECM/SICM and AFM/SECM combinations for fundamental and applied live cell studies has not yet been fully exploited, which may be a sign of the high procedural demand in probe fabrication and the technical hitches for their use with delicate biological objects. Recent relevant suggestions for SECM studies of cultured living cells include gentle but firm formaldehyde-based cell fixation and surfactant-induced permeabilization of the membrane of fixed cells [61] . Moreover, the use of forced convection during SECM cell imaging [62] and contrast enhancement of SECM cell images by means of conductive cell culture plate surfaces [63] were also introduced. Finally, an SICMbased solution for surface charge visualization at viable living cell membranes was also presented in joint SECM/SICM measurements [64] .
Over colonies [67] , quorum sensing of aggregates of Pseudomonas aeruginosa [68] and metabolite production of Pseudomonas aeruginosa during proliferation [69] are examples of G/C-SECM studies with bacterial prokaryotes. Exotic targets for biological SECM studies were salt glands on the leaf of the halophyte Cynodon dactylon (L.) [70] and chloroplasts and their thylakoid membranes for which local photosynthetic flux measurements have been attempted [71] . SECM study entries into the literature databases that underline well the wide applicability of scanning electrochemical probe-based cellular analysis are examinations of the differentiation status of embryonic stem cells [72] , evaluation of the respiration activity of blastocysts [73] , monitoring intracellular enzyme activity of HeLa cells [74] , analysis of beat fluctuations and oxygen consumption of cardiomyocytes [75] , characterization of Ag + toxicity on fibroblast cells [76] , inspection of the multi-drug resistance of adenocarcinoma cervical cancer cells [77] , the detection of reactive oxygen species in prostate cancer cells [78] , the creation of insulin release profiles of single pancreatic islets [79] and the disclosure of Cd 2+ -induced variability in the permeation properties of human bladder cancer cells [80, 81] . Recent activities also addressed topics such as SECM-based inspections of heavy metal (chromium) cell toxicity [82, 83] , quantitative detection of protein markers for lung cancer [84] , real-time monitoring of metabolic crosstalk between neighbouring bacterial cells [85] , spatial mapping of molecular uptake of chemical species at living cells [59] and the pH dependence of yeast cell viability and metabolism [66] .
Interestingly, systematic SECM studies of the mechanism of hormone and neurotransmitter release from isolated endocrine and neuronal cells via single-vesicle exocytosis were not published in the reviewed period of 2012 to date even though the subject is of high importance. A large number of original studies employing conventional carbon fibre amperometry and/or microelectrode array platforms and the accounts of three recent reviews [86] [87] [88] and a book chapter on the subject [89] highlight on the other hand the relevance of the phenomena of vesicular/cellular chemical communication to the field of medical sciences. Also, an exciting move has been made by application of conventional amperometric detection of single-vesicle exocytosis towards measurements with finite conical carbon nanoelectrodes inside the very small structures of single synapses of neuronal cells [90, 91] . Apparently, there is currently a lag of success with SECM-based amperometry of exocytosis behind secretory cell amperometry with manually positioned carbon nano-or microelectrodes. The reason for this may be that the SECM instrument developers are not neuroscientists. Their focus is not primarily on applications for secretory cell/neuron studies. The high device and protocol complexity of single cell SECM, in particular of the constant-distant mode employing voltammetric nanoelectrode SECM tips, is an inherent weakness and a barrier to the rapid and routine incorporation of these methods in chemical release studies at the cellular level.
The focus above was predominantly on representative examples of recent SECM work that exploited voltammetric microelectrodes as miniaturized detectors of localized cell activity. However, it is also worth briefly mentioning past research efforts addressing scanning potentiometric sensor tips for SECM-type electrochemical cell mapping. Applications of needle-type ion-selective microelectrodes for cytosolic ion concentration measurements have been common for several decades in specialized electrophysiology laboratories [92] [93] [94] [95] [96] [97] [98] . The development of ion-selective potentiometric microelectrodes for so-called biological scanning potentiometric microscopy and especially the details of potentiometric probe fabrication can be found in [99] [100] [101] [102] [103] [104] [105] and some recent reviews [7, 106, 107] . Ion-selective electrochemical probe microscopy for biological imaging was used for the visualization of pH profiles of discs of yeast cells embedded in agarose gels [100] , measurements of the extracellular pH value of various adherently growing mammalian cells [108] , the visualization of K + ion transfer through gramicidin channels in a horizontal cell membrane-like bilayer lipid membrane [109] , the acquisition of topography and ion flux images of the membrane of human embryonic kidney 293 cells (HEK 293) [110] , and finally lateral mapping of ion transport through membranes of seeded epithelial cell monolayers [111, 112] . This representative work is clearly demonstrating the potential of life cell inspections with scanning ion-selective potentiometric probe tips. Accordingly, the strategy is valuable as an alternative to amperometric SECM tests in proximity to 
Scanning electrochemical microscopy imaging of immobilized biomolecules:
from proteins to DNA Applications of SECM in the investigation of biological systems have also been directed towards the measurement of cellular components or small molecules that will allow better insight into the overall function of living organisms. As SECM is focused on small and localized measurement areas, not only high spatial but also high temporal resolution is required in many experiments. In addition to cells, several species of biological origin have been the target in SECM measurements, including enzymes, antibodies, DNA and different cellular components. The earliest SECM images of biological macromolecules included samples of DNA, haemocyanin, monoclonal IgG and glucose oxidase (GOx) adsorbed on a mica substrate using a tungsten tip. By working under high relative humidity conditions, the analysed sample was embedded in a thin layer of liquid, allowing the electrochemical reactions to take place at the tip and producing a faradaic current. Therefore, purely topographic images were obtained in the constant-current mode but with very high resolution because only the end of the tip was in contact with the water layer adsorbed on the sample [113, 114] . Since then, SECM has been widely applied for the analysis of biological processes at the molecular level. The characterization of proteins allows, for example, antigen-antibody interactions to be recognized and the imaging of enzymatic processes. Moreover, interesting experiments were developed for imaging immobilized DNA, which was first investigated by SECM more than one decade ago. Advanced studies now allow the sensitive identification of basepair mismatches in double-stranded DNA (ds-DNA). In addition, the development of miniaturized analytical systems for enzyme sensors, immunoassays and DNA analysis make the application of SECM attractive for the optimization and further characterization of sensing platforms as well as the evaluation of detection strategies. The high electrochemical resolution achievable with SECM is ideally suited to determining the distribution of electroactive species in the different reaction layers of in operando devices and to resolve and detect problems associated with crosstalk between sensing elements, making SECM a powerful quality control technique [9] . SECM has thus been widely exploited in the characterization of a variety of different sensors and systems.
(a) Imaging of proteins and enzymatic activity
Electrochemical imaging of proteins requires the availability of electrochemically active compounds. In many cases, the activity of a particular protein induces addressable variations in the local concentration of ions or redox molecules that are easily measurable with an electrochemical probe, such as, among others, molecular oxygen, hydrogen peroxide, molecular hydrogen or protons. In the case of oxidoreductases, artificial electrochemically reversible redox mediators can be used, allowing a higher reproducibility and sensitivity [115] . SECM has been used mainly to detect the products resulting from electron transfer reactions by an investigated enzyme immobilized on a variety of surfaces. A summary and overview about previous works dealing with imaging of enzymatic activity can be found in earlier reviews [6, 9] . Although to date a wide range of proteins remain to be characterized by SECM, the basic ideas shown in the past have been expanded for the analysis of a considerable number of immobilized proteins. As summarized in figure 5 , mainly two different SECM modes are used in the analysis of enzymes, either applying different redox mediators in the feedback mode or detecting a generated product in the G/C mode of SECM. Enzyme-mediated feedback imaging (figure 5a) involves the replacement of the enzyme's cosubstrate by a redox mediator that is regenerated at the tip. Here, the progress of the biochemical reaction is dependent on the presence of the tip [9] . A positive feedback is obtained, with the magnitude of the signal directly related to the activity of the investigated enzyme [116] . Upon removal of the enzyme substrate, the feedback signal stops. Since the redox reaction can only occur in the vicinity of the tip, the feedback mode has an inherently higher spatial resolution. In this mode, it is of significant importance that the components of the mediator solution are not oxidized or reduced at the tip and, equally important, they should not interfere with the activity of the evaluated protein [6] . On the other hand, the G/C mode (figure 5b) is based on the direct oxidation or reduction of an enzymegenerated product at the SECM tip. Since the background current is very low, any change in current can be attributed to the enzymatic activity. Thus, the G/C mode offers a higher sensitivity. The tip can be scanned to generate an image of the local concentration of a molecule generated or consumed by the enzyme. However, the diffusion of the generated products away from the source of their formation prevents high-resolution analysis and an accurate location of the evaluated protein.
Novel advances in protein imaging include the application of SECM in the feedback mode using ferrocyanide as the redox mediator for the study of the activity of laccase and bilirubin oxidase [117] . By enclosing the entire SECM measurement system, it was possible to work under a controlled atmosphere. The redox activity of laccase was evaluated under argon and oxygen, demonstrating a significant increase in the measured cathodic current when oxygen was present. In addition, by comparing the activity of laccase and bilirubin oxidase in solutions of different pH values, bilirubin oxidase was found to exhibit higher activity especially at neutral pH values. The versatility of the proposed methodology allows in-depth characterization of enzymatic activity under different and controlled conditions. Moreover, by using soft carbon microelectrodes as SECM tips, it was possible to evaluate the antioxidant activity of apple peel under a contact-scanning mode [118] . The use of soft probes made of flexible polymeric materials with built-in microelectrodes provides the possibility for a simple analysis of corrugated biological surfaces by working under constant gentle contact with the sample. Thus, a constant working distance is ensured without causing damage to the investigated surface or the SECM tip.
Recently, an increased number of miniaturized biosensors capable of being used as SECM probes has been reported. Interesting examples include the development of a microbiosensor for hydrogen detection at photosystem I-Pt nanoparticle bio-assemblies [119] capable of improving the detection capabilities of a previously used unmodified SECM tip [120] . Moreover, the implementation of microbiosensors for the detection of adenosine-5 -triphosphate (ATP) and glucose by co-entrapment of the enzymes GOx and hexokinase in a poly(benzoxazine) [122] were demonstrated.
SECM imaging of enzymes has also been applied for the evaluation of advanced enzymatic assemblies at surface-confined enzyme-based logic gates. An insulating glass surface was modified with arrays of GOx, invertase (INV) and peroxidase (HRP) as a basis for two different AND and XOR logic gates, each of them consisting of two enzymes as Boolean operators. An AND gate was assembled consisting of GOx and INV using ferrocenemethanol (FMA) as the redox mediator in solution. Sucrose was catalytically cleaved by INV, while the immobilized GOx oxidized the generated glucose with an associated reduction of oxidized FMA, which in turn was re-oxidized at the tip, thus creating a positive feedback signal only if both inputs are positive. Similarly, a XOR logic gate was fabricated with a GOx/HRP patterned surface. While GOx catalyses the reduction of oxidized FMA, HRP catalyses the oxidation of FMA upon reduction of H 2 O 2 . Therefore, a positive output is obtained if only one of the inputs is positive [123] .
SECM was also coupled to a continuous nanoflow system [124] . The specially designed tip consisted of a capillary injector surrounded by a microring electrode (r = 11.5 µm). The assembly was achieved by embedding a thin gold film between a pulled fused-silica capillary and a borosilicate glass capillary. The apex of the tip was later bevelled while applying pressurized air from the back of the capillary to keep the central opening unobstructed. The system was used for imaging of surfaces in the G/C mode with important advantages over conventional SECM experiments, including higher imaging resolution, immunity from interference by species in the bulk solution or at other sides of the substrate, elimination of the feedback current and versatility of initiating surface reactions by introducing different reactants into the flowing stream. Although of increased complexity due to the need for a precision pump capable of delivering solutions at a flux of a few nl min −1 to achieve an adequate collection efficiency, the applicability of the system was demonstrated by analysing HRP microarrays. By flowing H 2 O 2 and FMA through the injector, the oxidized form of the redox mediator generated at the modified surface was detected (figure 6).
As has been recently addressed in a critical review on SECM-based multi-functional imaging [35] , with the development of hybrid scanning probe microscopy techniques complementary information about the evaluation of a sample is easily and simultaneously [8, 125] . The coupling of these two techniques provides tremendous benefits, allowing nanometre-resolution topographic mapping of the evaluated surface with the concomitant acquisition of electrochemical activity from the enzyme. Using bifunctional SECM-AFM probes and working in the G/C mode of SECM and the contact mode of AFM, the approach was used for the evaluation of GOx and HRP activity [126] . A hybrid system of SECM and SICM was also developed, using concentric probes comprising an SICM tip surrounded by a nanoring electrode for SECM measurements [57] . Simultaneous imaging of the topography and spatial distribution of electrochemical species was possible in the evaluation of different enzymes, i.e. HRP and GOx, and single live cells.
Immunoassay strategies have proved to be particularly interesting for the specific recognition of target proteins or even smaller analytes. As recently exemplified in the detection of tyrosinase, three different SECM strategies for imaging of protein-modified surfaces were compared [127] . An indirect detection of tyrosinase adsorbed on polymeric membranes is possible by using the SECM tip for the reduction of O 2 , mapping the differential pore oxygen concentrations induced by the local hydrophobic changes caused by the adsorption of the enzyme on the porous membrane. Although simple, the method is poorly selective. Direct monitoring of enzymatic activity was realized by detecting the reaction products from the enzymatic conversion of L-3,4-dihydroxyphenylalanine (L-DOPA). However, the low specificity in the collection of enzymatic products due to the high applied microelectrode potential and fouling of the tip surface by reaction products are the main disadvantages of this strategy. Specific recognition of tyrosinase spots was then realized by implementing an immunoassay strategy applying a secondary antibody labelled with HRP and using the G/C mode of SECM for detection.
In a similar manner, AFM-SECM has been used in combination with redox immunolabelling for mapping the protein distribution on individual virus particles [128] . While the obtained topographic information allows the identification of isolated particles, the electrochemical current response permits the effective imaging of specifically labelled proteins.
Recent advances in the electrochemical detection of enzyme-based immunoassays became possible by minimization of non-specific adsorptions [129] . The concept was shown in an electrochemical immunoassay against the Epstein-Barr virus with SECM readout in the G/C mode. Using secondary antibodies marked with alkaline phosphatase, the enzymatic substrate PAPP was converted to PAP, which in turn was oxidized at the SECM tip. The assay incorporated an innovative method for the removal of non-specific adsorption of immunoreagents. A previously deposited self-assembled monolayer (SAM) was locally modified by means of an electrochemically induced pH modulation at a positioned SECM tip. Local ester cleavage led to the availability of carboxylic groups, which after activation can bind the antigen. After the sequential steps of the immunoassay were performed, a final step was introduced for global cleavage of the remaining ester groups by incubation in acetic acid and leading to chemically induced lift-off with the consequent removal of any non-specifically bound proteins.
Moreover, recent advances in SECM imaging of antigen-antibody interactions include examples for the determination of small molecular weight analytes. The G/C mode of SECM was used for imaging of the immunological event in a direct competitive immunoassay against antibiotics using selective capture antibodies and an HRP-labelled analogue [130] . Furthermore, the same assay was imaged after enzyme-catalysed deposition of Ag nanoparticles [131] . In this case, visualization of deposited Ag nanoparticle clusters related to the immunological event was enabled by a competition between the tip and the modified substrate for the oxidation of ferrocyanide using a bipotentiostatic SECM approach that allowed high contrast visualization.
Imaging of antigen-antibody interactions with SECM was predominantly based on labelling with a reporter molecule, e.g. a redox active molecule or an enzyme, capable of providing an electrochemical readout. Nevertheless, label-free imaging of antibody-antigen interactions using SECM has also been suggested. Using ferrocenecarboxylic acid as the redox mediator, differences between the binding of complementary and non-complementary antigens to specifically immobilized antibodies were obtained, attributed to different electrostatic interactions of the anionic redox mediator and the free or bound antibodies [132, 133] .
(b) DNA imaging
The study of DNA modified surfaces and hybridization events with SECM is particularly attractive for applications including gene expression [9] , the detection and quantification of hybridization events [134] and the development and characterization of DNA chips [135] . Similarly to immunological assays, ds-DNA has been detected by monitoring the hybridization event using electrochemically active labels (figure 7a). Recent reports include SECM imaging of hybridization between target DNA and an immobilized hairpin probe with enzymatic amplification. A streptavidin-HRP conjugate is captured by the immobilized probe DNA modified with biotin at its 3 end after hybridization with target DNA. In the presence of H 2 O 2 , hydroquinone is oxidized to benzoquinone through the HRP-catalysed reaction and the generated benzoquinone corresponding to the amount of target DNA is reduced at the SECM tip [136] . HRP-modified SiO 2 nanoparticles have been used in a sandwich DNA assay where the capture probe immobilized on a gold surface is hybridized with target DNA and a biotinylated indicator probe. The enzymatic label linked to the sandwich structure through a biotinstreptavidin interaction allowed SECM imaging of hybridization [137, 138] . Signal amplification was also reported by using long DNA concatemers. The target DNA is hybridized with thioltethered DNA capture probes. After addition of DNA auxiliary probes, continuous self-assembly with alternating long DNA led to the formation of concatemers. Finally, streptavidin-HRP was linked to the long concatemers through biotin-streptavidin interaction. This assay was demonstrated with the simultaneous detection of four kinds of target DNA through SECM imaging [139] . Moreover, SECM has been also used as a valuable tool for the evaluation of a potential-pulsed assisted protocol for DNA surface modification and thiol passivation leading to minimized non-specific adsorptions [140] .
To overcome the use of labelled DNA strands, more universal methods for DNA detection are required. One promising strategy is the use of redox intercalators that interact and form a stable complex with the ds-DNA and permit the electrochemical detection of the hybridization event. In this way, SECM imaging of DNA microarrays on gold surfaces was reported using redox-active intercalators, e.g. methylene blue [141] or Nile blue [142] , in combination with ferrocyanide as the redox mediator in solution (figure 7b). By applying a negative potential to the substrate, the intercalator is electrochemically reduced by electron transfer from the underlying electrode surface. The product is then re-oxidized in solution by ferricyanide generated at the SECM tip with the concomitant generation of a feedback current. Microarrays of DNA were successfully visualized with this method, discriminating between single-stranded DNA (ss-DNA) and ds-DNA and the presence of basepair mismatches [141] .
One of the most interesting improvements in the imaging of immobilized ss-DNA and DNA hybridization was done by the implementation of the repelling mode of SECM [143, 144] . Taking advantage of the negatively charged phosphate backbone of DNA strands, a straightforward electrostatic approach was developed to visualize surface-bound DNA probes. The method is based on the feedback mode of SECM and the presence of coulombic interactions between the negatively charged DNA and a freely diffusing redox mediator. The SECM tip was scanned over a gold electrode modified with spots of immobilized DNA, at a constant tip-to-sample distance and using the negatively charged species [Fe(CN) 6 ] 3− as the redox mediator. Consequently, a significant decrease in the feedback current recorded at the tip for the regeneration of the redox mediator was observed over DNA modified regions because of electrostatic repulsion that hampers the diffusion of the mediator to the gold surface and prevents the recycling of the redox probe (figure 7c). The assumption was confirmed by using a positively charged redox mediator, i.e. [Ru(NH 3 ) 6 ] 3+ , which provided a negligible decrease in the recorded current [144] . Since after hybridization of ss-DNA with a complementary strand the net negative charge on the DNA modified surface increases, an additional increase in the electrostatic repulsion of the redox probe also allows the detection of hybridization events.
Based on this strategy, later reports have shown the possibility of detecting nucleotide mismatches in ds-DNA ( figure 8 ). An increased sensitivity of the implemented method was obtained in the presence of bivalent ions, such as Zn 2+ . The presence of Zn 2+ ions reduces the electrostatic repulsion between the negatively charged DNA and the redox mediator, allowing for facilitated diffusion of the latter to the substrate, with the associated increase in feedback current. By this, an increased sensitivity in the detection of single-nucleotide mismatches was achieved because the change in tip current upon addition of Zn 2+ was much higher in the case of fully matched DNA than in the presence of mismatches [146] [147] [148] . This approach allowed differentiation between mitochondrial DNA fragments of the cytochrome c 1 oxidase of three related species in a platform that could be used multiple times by dehybridization and rehybridization of capture strands [149] . Interestingly, the method was also applied for the evaluation of the target sequence size and the impact of overhangs in probe and target strands on single nucleotide mismatch detection in ds-DNA films (figure 8). After hybridization and analysis of fully complementary and single nucleotide mismatched probe and target strands of different size, it was concluded that the presence of overhangs in ds-DNA films affects the film order, still allowing the detection of mismatches in the ds-DNA films. Moreover, while for longer complementary strands, the position of the overhang plays an important role, the position of hybridization of the complementary strand along the probe sequence is more important in the case of short complementary strands [145] .
Concluding remarks (a) Challenges and future aspects of single cell scanning electrochemical microscopy
The most imminent challenge for cellular SECM is the ability to undergo maturation from a high-technology approach restricted to applications in expert electrochemical laboratories to a robust standard methodology with potential for widespread usage in life and medical science research facilities. Scanned electrochemical measurements at single living cell levels are not yet really explored for the many existing solutions of chemically modified electrodes including enzyme biosensors and immunosensors, the wide range of ion-selective potentiometric microand nanoelectrodes and electrochemical scanning probe detectors made of advanced sensor materials such as diamond [150] . Miniaturization of sensor structures to suitable geometries for SECM and use of completely novel tip types in multi-functional biological SECM devices are requisite steps towards possible cell inspections. Last but not least the plethora of feasible living cell targets (refer to figure 2) has not yet been approached with biological SECM and, so far, un-inspected healthy and defect cell choices offer plenty of options for the design of useful experiments for joint SECM-based topography and local chemical activity measurements.
(b) Challenges and future aspects of scanning electrochemical microscopy studies of immobilized biomolecules
Although SECM has proven to be extremely useful and adequate for imaging of immobilized biomolecules, considerable advances in the technique should be implemented to overcome current limitations and meet future challenges. The combination of SECM with techniques allowing a high spatial resolution, e.g. AFM-SECM or SICM-SECM [35] , showed an important advance in high-resolution electrochemical imaging and large-scale mapping. Still, research has to evolve from the proof of concept of the experimental set-up and methodology to the implementation of interesting applications pushing the limits of the technique. Until now, only a limited amount of proteins have been investigated with SECM and more advanced methodologies are required for the fast and reliable detection of the DNA hybridization event.
The development of multi-functional and selective tips will lead to a better understanding of many biological phenomena. This will also require not only an improvement in achievable spatial resolution but also the possibility of attaining higher imaging speed, because the temporal resolution is crucial to evaluate many biological investigated processes. Single-molecule detection has proven to be possible [151] , yet new experimental platforms and analytical methodologies must be developed to reach the possibility of a comprehensive study of single biocatalytic systems. 
